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I .  INTRODUCTION 


J / 

During  the  1981-1982  fiscal  year,  the  experimental  efforts  have  focussed 
on  building  the  gyrotron  chamber  and  associated  apparatus.  The  system  is  now 
operational  and  measurements  have  begun.  The  results  have  been  extremely 
encouraging.  Using  only  50  kW  of  the  200  kW  available  from  our  X-band  magnetron, 
the  rf  accelerator  has  produced  100  mA,  100-250  keV  beams.  Millimeter  wave 
measurements  have  been  made.  Our  second  gyrotron  cavity,  which  was  designed 
to  be  excited  by  'V  150  keV  beams,  has  yielded  ^  100  W  at  26-46  GHz  (3rd-6th  r 
cyclotron  harmonics),  corresponding  to  1%  electron  to  output  wave  energy 
conversion  efficiency.  This  cavity  was  designed  to  be  undercoupled  due  to  start- 
oscillation  considerations.  Therefore,  the  efficiency  of  electron  energy  into 
cavity  wave  power  was  on  the  order  of  5%.  The  next  cavity  to  be  tested  is 
critically  coupled  for  higher  power  operation. 

Our  theoretical  activities  have'~3Tso  beenprodUCTlve.  Te  have  developed 
a  theoretical  description  of  the  large-orbit  cyclotron  harmonic  maser  which 
yields  encouraging  values  for  device  efficiency.  Efficiencies  as  high  as  8% 
have  been  predicted  at  millimeter -wavelength  operation  with  a  uniform  magnetic 
field.  By  properly  tapering  the  magnetic  field  so  that  the  gyrofrequency 
remains  approximately  constant  as  the  electrons  lose  energy  this  may  be  increased 
to  16%.  In  addition,  a  small-signal  theory  of  the  harmonic  gyrotron  has  been 
developed  which  yields  the  value  of  beam  current  necessary  for  oscillation. 

This  theory,  discussed  in  Section  II,  has  already  been  verified  by  experimental 
measurements,  which  are  outlined  in  Section  III.  Though  a  shorter  cavity  will 
have  a  higher  peak  efficiency,  a  long  cavity  requires  less  beam  current  for 
oscillation.  Our  1981-1982  conference  attendance  and  publications  are  listed 
in  Section  V. 
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II.  THEORETICAL  RESULTS 


The  geometry  of  the  harmonic  gyrotron  la  shown  In  Fig.  1.  The  electron 

beam  propagates  along  a  uniform  magnetic  field  through  a  TE  cylindrical 

nmp 

cavity  for  which  the  effect  of  the  drift  tube  is  neglected.  The  guiding 
center  of  the  electrons  coincides  with  the  axis  of  the  cavity. 


Ve  have  examined  the  large-orbit  CRM  mechanism  In  a  treatment  similar  to 
that  utilised  by  Sprangle  and  Drobot^^'  In  treating  the  nonlinear  saturation 
of  the  gyrotron •  Ve  find  that  the  aquation  describing  electron-to-vave  energy 
transfer  for  the  Interaction  of  a  large-orbit  electron  beam  with  a  TE^ 
waveguide  mode  la  essentially  equivalent  to  that  for  the  conventional  small- 
orblt  Interaction  with  the  TEr^  mode.  The  rate  of  change  of  the  electron  energy 
is  governed  by  the  equation. 

me2  'i  -  a  E*<t)  V#(t) 

*  -e(E$  sin  n$  cos  wt)  Vj^  ^ 

Tor  simplicity  of  analysis  we  have  assumed  that  the  wave  aslmuthal  electric 
field  of  the  TE||j  mode  evaluated  at  the  position  of  the  beam  la  sufficiently 
weak  that  the  axl-centered  electron  velocity  v^  varies  elovly  and  can  be 
approximated  by  Its  Initial  value.  The  electron  gyratlonal  phase  angle  la 
determined  by  the  equation. 
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(2) 


Squat  lees  (1)  mad  (?)  can  be  solved  by  the  method  of  Iteration.  The 
average  energy  change  of  the  electrons  (i.e.,  integration  ever  Initial  phase 
angle  to  second  order  la  found  to  bet 


ne  vfEi  O*  r" 

AYnc2  -  - 1  9  C  f  -  ain((u-n  n.0)T]  (3) 

16  Y.-c2 

where  t  represents  the  duration  of  the  Interaction,  t  ■  L/v^,  ,  vl(  represents 
the  longitudinal  velocity, «0cq  -  cB/mcy^  and  u  equals  the  wave  frequency. 

The  energy  lost  by  the  electrons  manifests  Itself  as  energy  added  to  the  wave. 
Equation  (3)  with  n  •  1  is  the  same  equation  describing  energy  transfer  In 
the  conventional  small-orbit  gyrotron.  Therefore,  this  harmonic  gyrotron 
is  not  inherently  a  low  efficiency  Interaction. 


The  efficiency  of  the  device  is  fotmd  by  studying  the  functional 
dependence  of  Equation  (3).  An  electron  which  initially  satisfies  (w-aQg)  > 

0  can  continue  to  lose  energy  to  the  wave  in  til  ( w-n  flc)  •  0.  Since  w  Is 
fixed  by  the  narrow  reeponse  width  of  the  resonator,  and  since  v„  is  constant 
if  the  wave-pertlcle  interaction  only  extracts  energy  from  the  perpendicular 
electron  motion,  we  have 


A  [(w-n  a  )  ^  ~ 

c  u  •  u 


(4) 


If  the  device  is  operated  as  an  oscillator,  the  initial  condition  should  be 
such  that  l(w-»nco)””  ■  */2  for  nlnlntsn  start  oscillation  current.  The 
maxima  AY/Y,  given  by  Equation  (5)  is 


#42)  .'2t  i  .  C5) 

Using  the  experisientel  conditions  associated  with  Jory'a  device,  from 
Equation  (5  >  we  would  aspect  a  (AY/Y)  of  0.75X  or  2. OX  efficiency  (efficiency 
mAY/Y-1),  Which  nearly  coincides  with  his  actual  operating  efficiency  —  an 
overall  efficiency  of  O.AX  Included  the  energy  lost  In  the  accelerator* 
Optimisation  of  Jory'e  device  will  involve  minimising  the  interaction  time,  . 
or  including  magnetic  field  tapering  ao  that  fic  remains  approximately 
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constant  as  th«  electrons  lose  energy.  Either  Improvement  trill  Imply 
Increasing  the  beam  current  to  compensate  for  non-optinum  start  conditions. 


Equations  (1)  and  (2)  have  also  been  solved  numerically.  Twenty 
electronq  with  different  Initial  phase  values  are  followed  in  a  frame  rotating 

-i 

with  the' initial  beam  angular  velocity.  The  average  Y  resulting  from  the  CRH 
interaction  is  plotted  in  Figure  2  for  parameters  that  correspond  to  a  Yc  * 
1.6,  v^}  -  0.3  c  beam  propagating  through  a  1  cm  long,  140  CRz  resonator.  The 
maximum  efficiency,  which  occurs  at  nnco  -  0.95  u  ,  is  sr  8Z.  The  development 
of  phase  bunching  for  these  twenty  electrons  as  they  propagate  through  the  CRM 
interaction  cavity  is  shown  in  Figure  3 (a) .  The  beam  becomes  strongly  bunched 
half  way  through  the  cavity  around  a  phase  point  which  will  lose  energy  to  the 
wave.  During  the  Interaction  thirteen  electrons  lose  energy  to  the  wave  and 
seven  gain  energy  from  the  wave.  Wave  trapping  of  electrons  is  evident  by  the 
and  of  the  Interaction. 

Simulations  have  also  been  performed  with  the  Inclusion  of  a  spatially 
decreasing  magnetic  field.  An  efficiency  equal  to  16Z  has  been  obtained  by  a 
4Z  linear  taper  of  the  field  for  the  same  parameters  associated  with  Figures'  2 
and 3(a) except  for  an  increase  In  field  strength  consistent  with  higher  power 
operation.  The  electron  positions  In  phase  space  for  this  simulation  are 
shorn  In  Figure  3(b) . 

The  previous  results  were  obtained  from  a  one-dimensional  theory.  An 
Important  refinement  to  the  analysis  is  the  development  of  a  full  three- 
dimensional  theory.  If  the  radial  dependence  of  the  interaction  is  included, 
then  we  will  find  Important  new  effects.  As  the  electrons  lose  energy,  their 
Larmor  radii  decrease  and  they  eventually  shrink  away  from  interaction  with 
the  whispering  gallery  modes.  In  the  presence  of  a  wlform  magnetic  field 
this  effect  will  yield  another  upper  limit  on  AY,  irttlch  is  given  by 
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AY/Y  »  6/r?  ,  where  denotes  the  Initial  Larmor  radius  of  the  beam  and  6 
represents  the  width  of  the  Jn(4ni  r Jhj  Bessel  function  (qnj  is  the  first  sero 
of  J'(x)  and  a  is  the  cavity  radius).  For  an  interaction  with  a  large 
azimuthal'  mode  number  the  resultant  AY/Y  can  be  quite  low.  However,  by 
tapering  the  magnetic  field  we  can  avoid  this  effect.  Keeping  Rc  *  constant 
during  the  Interaction  for  a  high  -Y  electron  beam  is  essentially  equivalent 
to  holding  the  Larmor  radius  constant. 


We  promised  in  our  grant  renewal  proposal  for  the  1982-1983  fiscal  year  that 

we  would  examine  theoretically  the  large-orbit  CRM  harmonic  mechanism  in  a 

linearized  treatment  similar  to  that  utilized  by  Hirschfield,  Bernstein  and 
(3) 

Wachtel,  in  describing  the  conventional  gyrotron  interaction.  We  have 
undertaken  the  analysis  ahead  of  schedule  and  finished  it  during  the  1981- 
1982  fiscal  year.  We  find  that  the  equation  describing  the  interaction  of 
an  axis-encircling  electron  beam  with  a  non-ax isymmetric  cavity  mode  is 
essentially  equivalent  to  that  for  the  conventional  small-orbit  interaction 
except  that  the  resonance  condition  is  shifted  in  favor  of  much  weaker 
magnetic  fields.  Therefore,  this  mechanism  is  potentially  a  high  efficiency 
interaction.  In  order  to  determine  the  start  oscillation  condition  for  the 

*£  between  the  electrons 


interaction,  we  have  solved  for  the  power  transfer  P  ■ 


«"d  th«  wave,  <*er.  }  •  j j t) .  H«r«  *!<{.£. t)  it  the  tlrtt  orier  perturbed 

electron  distribution  function  in  response  to  a  mall  amplitude  cavity  wave.  The 
component  of  the  wave  which  interacts  most  strongly  with  the  electrons  is 


the  azimuthal  electric  field,  which  is  given  by 

,*lnmr 


%  ■  v; 


-)  ain  (kh  a)  sin  (n$-wt) 


Near  the  harmonic  resonance,  where  u/n  *  0C,  the  power  transfer 

from  the  TE  ..  wave  into  the  electron  beam  of  current  1  is  given  in  mks 
nil 

units  by 


P  - 


tlE^V. 


H 


*(x) 


(6) 


(7) 
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where  6„  •  v()/c  end  fiA  »  v^/c.  The  response  function  R(x)  is  a  complicated 
function  of  the  electron  velocity  and  the  experimental  parameters  and 
is  plotted  in  Fig.  4  for  two  values  of  cavity  length-to-radius  ratio 

(L/a  -  2  and  6)  and  several  values  of  8  for  TE  interaction.  For 

811 

large  8_  ,  R(x)  is  negative,  which  Indicates  electron  energy  loss,  for 
the  entire  range  0  <x<  3.  Not  only  does  Bj_  measure  the  free  energy 

available  for  interaction  but  it  also  measures  the  filling  factor.  An  increase 

in  6j  will  enlarge  the  beam  and  radially  place  the  electrons  closer  to  the 

maximum  of  the  "whispering-gallery"  mode. 

The  effect  of  the  cavity  magnetic  field  upon  the  energy  transfer  has  been 

retained  in  the  analysis.  The  magnetic  field  bunching,  which  is  in  the  axial 

(4) 

direction,  has  been  shown  to  compete  with  the  electric  field  bunching. 

Azimuthal  bunching  dominates  if  w/k. c  >  1  (fast  wave  interaction)  and  axial 
bunching  dominates  if  w/kMc  <  1  (slow  wave  interaction).  The  former  is 
well  satisfied  for  the  harmonic  gyrotron  devices  that  have  been  built  at  Varian 
and  at  UCLA. 

Another  competing  process,  which  is  especially  important  for  high  n 

interactions,  has  been  included  in  the  derivation.  Its  effect  is  proportional 
*• 

to  Jn(nBj  )  and  is  due  to  the  dependence  of  the  electron  Larmor  radius  on 

energy  and  acts  to  quench  the  interaction.  If  the  Larmor  radius  of  the  beam 

is  initially  smaller  than  the  radius  corresponding  to  the  maximum  of  the 

J  (q  r/a)  Bessel  function,  which  we  denote  by  r _ ,  then  electrons  which  gain 

n  run  nm 

energy  from  the  cavity  wave  spiral  outwards  toward  r  and  the  interaction 

nm 

increases.  As  time  progresses  they  gain  energy  at  a  faster  rate.  The  interaction 

decreases  in  time  for  electrons  which  are  Initially  phased  so  that  they  lose 

energy.  They  progressively  lose  energy  at  a  slower  rate.  The  beam  as  a 

whole  will  therefore  gain  energy  from  the  wave.  The  energy  transfer  of  this 

mtc La ni sir.  is  strongest  for  resonance  where  in  *  nfl  . 

c 

In  order  to  achieve  steady-state  oscillation  the  power  emitted  by  the 
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R(X)  L/a  =  2 


Figure  4(a).  Response  function  for  several  values  of  6^  in  a  TEg^  eighth 
harmonic  interaction  with  the  cavity  aspect  ratio,  L/a*2. 

The  electron  beam  loses  energy  to  the  field  when  R(x)  is 
negative. 
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Figure  4(b).  Response  function  for  several  values  of  in  a  eighth 

harmonic  interaction  with  the  cavity  aspect  ratio,  L/a«6.  The 
electron  beam  loses  energy  to  the  field  when  R(x)  is  negative. 


electrons  must  exceed  the  losses.  The  dissipated  power  is  simply  given 

by  P  *  wu  /Q,  where  U  is  the  cavity  stored  energy  and  Q.  is  the  loaded 
o  o  L  o  L 

quality  factor.  Ve  have  obtained  an  expression  for  the  required  start- 


oscillation  current  I  for  a  general  TE  interaction. 

s  nxnp 

*A  v.  w  ,  ,  v3.  a  >2  2 


.-1 


Js  -  <16757  >  i~ir)  <*■><-£->  •«  R<*> 

where  1^  is  the  Alfven  current  given  by  I  ■  4*c0rac3/e  *  17  kA. 

F  (B,),  which  represents  the  filling  factor  of  the  beam  with  the  electro- 
nm 


magnetic  mode,  is  given  by 


F  (BJ  -  (1  -  V  > 
™  q  nm 


-1 


Jn  (nSt  ) 


-  2 


(8) 


(9) 


•*n  ^nm^ 

m 

and  plotted  in  Fig.  5  for  several  values  of  n  for  p*l .  The  field  strength 
of  the  TE  jj  (n>>l)  mode  peaks  near  the  wall  and  falls  off  quickly  toward 
the  center. 

—2  3 

The  start-oscillation  current  is  essentially  proportional  to  L  01;  . 

To  maximize  the  interaction  and  thereby  minimize  Ig,  the  energetic  electrons 
should  pass  slowly  through  a  long  cavity.  In  Fig.  6(a)  the  start  oscillation 
current  as  determined  by  Eq.(S)  is  shown  as  a  functi-on  of  magnetic  field 
for  the  set  of  parameters,  QT  •  2000,  B„»  0.15,  B.»  0.75,  L/a  »  6.28,  and  a  *=  0.438  cm, 
which  have  been  chosen  to  yield  185.5  GHz  output.  The  advantages  of  this  harmonic 
Interaction  are  apparent.  Only  120  mA  is  required  for  oscillation;  furthermore, 
the  solenoid  field  strength  is  less  than  7  kG.  As  shown  in  Fig.  6(b)  by 
increasing  to  0.85  so  that  the  electrons  orbit  closer  to  the  mode  maximum, 

Ig  can  be  further  reduced  to  10  mA.  However,  the  magnetic  field  must  then  be 

Increased  to 8.7  kG  to  maintain  electron-wave  synchronism.  The 

stare  oscillation  condition  for  interaction  with  a  p»2  mode  is  eight  times 


larger  than  for  the  TEr^  interaction. 
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6.75  6.78  6.81  6.84  6.87  6.90 

B(kG) 

Figure  6(a).  Start-oscillation  current  for  three  harmonic  interactions 


(n«*14,  15,  16)  as  a  function  of  magnetic  field  for  B  *0.75. 


Is  (mA) 


o 


Ql  =  2000 
L/a  =  6.28 
a  =  0.438  cm 


B(kG) 


Figure  6(b).  Start-oscillation  current  for  three  harmonic  interactions 

(n*14,  15,  16)  as  a  function  of  magnetic  field  for  6A  "0.85. 
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Ill .  Experimental  Apparatus  and  Data 

A  test  stand  for  the  UCLA  Cyclotron  Resonance  Maser  has  been  constructed 
(Fig.  7).  The  accelerator,  millimeter -resonator  cavities  and  coupling  structure 
are  mouqtqd  on  a  flange  and  submerged  in  a  vacuum  chamber*  Such  an 

.1 

arrangement  allows  great  flexibility,  especially  for  quick  modification  of 

cavity  structures,  A  combination  of  LN£  cold-trapped  mechanical  and 

absorption  pumps  brings  the  pressure  down  to  —10  Torr,  With  a  two  stage  ion 

pump  consisting  of  a  20  £|s  starter  and  a  80  £ | s  Vacion  pump,  pressures  of  9  x 

10“®  Torr  have  been  regularly  achieved*  Ti-sublimation  then  takes  the 

-9 

system  down  into  the  10  range.  A  large  6-arm  cross  atop  the  device 
provides  access  for  additional  vacuum  ports  and  beam  diagnostics,  which 
include  1)  a  quartz  glass  window  for  optical  pyrometry  during  cathode 
activation  and  electron  beam  imaging  on  uranium  glass,  and  2)  a 
differentially-pumped  moveable  electron  collector.  This  probe  is  used  for 
bean  position  identification  and  as  a  thin  foil  target  for  x-ray  Bremstrahlung 
radiation  detection. 

The  solenoid  consists  of  two  coils  placed  approximately  in  a 
Helmholtz  configuration  with  the  bore  axis  pointing  vertically.  A  0.9  kA  dc 
power  supply  provides  a  magnetic  field  of  up  to  6  kG  which  allows  the  use  of 
many  different  accelerator  drivers,  including  an  operational  15-17  GHz,  150  kW 
long  pulse  TWT  amplifier.  The  present  system,  however,  was  chosen  to  operate 
at  9.2  GHz  where  several  tunable  magnetron  sources  provide  power  ranging 
from  10  kW  to  250  kW.  R.F.  vacuum  windows  serve  as  a  transition 
between  the  X-band  and  the  reduced  height  guide  used  for  coupling  to 
the  accelerator  cavity. 
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Figure  7.  Schematic  of  the  vacuum  system  used  In  the  UCLA  Cyclotron  Harmonic  Maser. 
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Computer  modeling  of  the  magnei  coils  showed  that  the  magnetic  field  on 
axis  was  smooth  to  within  1%  over  the  region  of  interest.  Figure  8  shows 
a  computer  generated  plot  of  the  axial  magnetic  field  strength  as  a  function 
of  axial  distance.  Actual  Hall  effect  probe  measurements  of  the  field  are 
Included.  The  small  difference  between  the  simulation  and  the  date  is 
due  to  the  choice  of  solenoid  model  where,  to  minimize  date  input  time,  a 
reduced  number  of  current  elements  were  used  and  compensated  by  a 
correspondingly  higher  absolute  current. 

The  electron  gun  (Fig.  9)  used  in  this  experiment  is  a  Semicon  dispenser 
cathode  with  a  grldded  mesh  anode.  At  1100°C  and  2.0  kV  diode  voltage,  it  is 
capable  of  delivering  200  mA  of  current  within  a  0.3  cm  diameter. 

Accelerated  beam  energy  measurements  are  obtained  from  x-ray  pulse  height 

analysis  and  beam  imaging  on  uranium  glass.  A  Harshaw  Chemical  Co. 

Thalium-doped  Sodium-Iodide  scintillation  crystal  converts  x-ray  energy  to 

visible  light.  The  resultant  photons  then  impinge  on  a  7265  photomultiplier 

tube.  The  cascaded  current  is  displayed  on  an  oscilloscope  across  an 

appropriate  load.  The  scintillator-photomultiplier  unit  is  calibrated  with 
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radioactive  samples  (i.e.  Cg  ). 

Another  technique  for  determining  the  electron  energy  is  to  let  the 
beam  intersect  with  a  uranium  glass  plate.  The  resultant  fluorescent  image 
then  gives  a  direct  reading  of  the  electron  Larmor  radius  from  which  the 
transverse  energy  can  be  derived.  Since  the  longitudinal  energy  is  relatively 
small,  we  are  effectively  measuring  the  total  electron  energy.  A  sample  view 
of  the  electron  ring  la  shown  in  Fig.  10.  An  interesting  observation  is  that 
the  thickness  of  the  output  ring  is  equal  to  the  thickness  of  the  initial 
electron  beam. 
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Figure  *.  The  longitudinal  component  of  the  UCLA  CRM  solenoid  magnetic 
field  generated  by  a  computer  program  and  verified  by  a  Hall 
effect  probe. 
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ELECTRON  GUN 


Figure  9. 


Schematic  of  the  electron  gun. 


Figure  10. 


A  fluorescent  image  of  the  electron  ring  as  it  strikes  a 
uranium  glass  witness  plate. 
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Within  the  last  year  we  have  tested  two  accelerator -gyrotron  configurations 
The  first  system,  shown  in  Fig.  11,  produced  only  low  power  at  harmonics  of 
the  accelerator-driver  frequency,  which  was  not  a  gyrotron  interaction.  The 
beam  bunched  at  harmonics  of  the  x-band  magnetron  in  the  accelerator  cavity  and 
radiated  coherently  in  the  gyrotron  cavity.  However,  the  most  serious  problem 
with  the  first  design  was  the  breakdown  of  acceleration  for  beams  with  a  modest 
value  of  current.  For  I  <  1mA,  the  critically-coupled,  linearly-polarized 
accelerator  performed  as  expected,  yielding  electron  kinetic  energies  greater 
than  100  keV.  However,  at  higher  values  of  current,  the  accelerator  could  not 
be  excited  by  the  magnetron  and  the  result  was  a  lack  of  electron  acceleration. 
The  situation  can  be  explained  in  one  of  three  ways:  1)  the  B_^  (waveguide)  - 
B.  (cavity)  coupling  broke  down  in  the  presence  of  a  modest  electron  beam; 

2)  the  high-Q  cavity  resonance  shifted  due  to  the  extra  energy  dissipation 
mechanism;  or  3)  problems  arose  from  the  linearly  polarized  excitation. 

Rather  than  continue  wrestling  with  the  first  design,  a  second  cavity 
system  was  built  which  was  more  faithful  to  the  original  design  by  Howard 
Jory.^  Furthermore,  the  second  design  exploited  the  fact  that  since  all 
modes  are  TE,  longitudinal  currents  do  not  exist  in  the  cavity  walls.  Therefore 
the  cavities  need  not  be  soldered  together.  The  system  consists  of  three  pieces 
which  are  bolted  together:  an  accelerator  cavity,  a  gyrotron  cavity,  and  a 
connecting  drift  tube.  This  has  resulted  in  fabrication  and  reconfiguration 
simpl icity . 

The  accelerator  is  a  right  cylindrical  cavity.  A  diameter  of  2.59  cm  and 
a  length  of  2.16  cm  were  chosen  so  that  the  TE^^  resonant  frequency  of  9.2  GHz 
fell  midway  in  the  tuning  band  of  the  available  magnetron  sources.  To  couple 
between  the  dominant  TE^q  half-  height  waveguide  mode  and  the  TE^  cavity 
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mode,  a  V  aperture  near  the  center  of  the  cavity  was  chosen  to  match  the 
electric  guide  fields  to  the  cavity  fields.  The  waveguide-cavity  system 
was  designed  to  be  overcoupled  to  compensate  for  magnetron  frequency  instability 
and  cavity  resonance  "walk-off".  A  coupling  coefficient  of  $  *  3  was 
measured  with  a  network  analyzer.  The  circularly  polarized  TE^^  mode  of  the 
accelerator  is  now  excited,  i.e.  we  are  coupling  into  the  cavity  through  two 
apertures.  The  two  waveguide  lines  which  connect  the  cavity  to  the  magic  tee 
beam  splitter  are  symmetric  except  for  a  small  difference  in  the  length  of 
guide  corresponding  to  X/4.  Therefore,  the  electric  field  at  one  coupling 
aperture  is  90°  out  of  phase  with  respect  to  the  other. 

The  high  frequency  interaction  cavity  has  a  diameter  of  1.60  cm  and  a  length 
of  5.08  cm.  The  radial  component  of  the  cavity  electric  field  couples  into  WR-28 
waveguide  via  a  V  hole  near  the  end  of  the  cavity.  The  higher  order  longitudinal 
modes  (e.g.  TEnl2>  ^En13^  are  more  heavily  damped  and  are  therefore  less  likely 
to  oscillate.  Figure  12  shows  a  schematic  representation  of  the  accelerator  and 
high  frequency  cavity.  A  drift  region  with  a  diameter  of  1.37  cm  was  chosen  to 
allow  propagation  of  a  500  keV  beam  into  the  interaction  cavity  from  the  accelerator. 
The  drift  tube  is  only  0.64  cm  long  in  order  to  minimize  early  parasitic 
oscillations.  Figure  13  displays  actual  cavity  components — two  accelerator  cavities 
and  four  gyrotron  cavities.  The  microwave  tube  is  mounted  on  the  vacuum  interface 
flange  in  Fig.  14  and  the  entire  system  is  schematically  represented  in  Fig.  15. 

The  device  has  yielded  100  W  level  output  at  26,  32,  38,  and  45  GHz  (third 
through  sixth  cyclotron  harmonics),  which  represents  approximately  1%  energy 
conversion.  The  efficiency  of  electron  energy  conversion  into  the  output  wave 
as  a  function  of  beam  current  is  shown  in  Fig.  16.  The  interaction  saturates  at 
relatively  low  beam  currents  due  to  the  length  of  the  cavity.  The  next  cavity 
to  be  tested  will  be  critically  coupled,  which  will  yield  a  factor  of  five 
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Figure  12.  Schematic  of  the  accelerator  and  gyrotron  cavities. 
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Figure  13.  Sample  accelerator  and  gyrotron  cavities  of  the  second  tube  design. 
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Figure  14. 


The  harmonic  gyrotron  system  mounted  on  the  vacuum  flange  before 


it  is  bolted  into  the  chamber. 


Schematic  of  the  UCLA  Cyclotron  Harmonic  Maser 


Figure  16.  Experimental  measurement  of  efficiency  for  the  first  harmonic 
gyrotron  tube  of  the  second  design.  Efficiency  is  defined  as 
the  ratio  of  rf  output  power  to  the  input  electron  beam  power. 
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increase  in  output  power,  and  half  the  size,  which  should  double  the  efficiency. 

We  have  essentially  verified  the  small-signal  theory  presented  in  the 
previous  section  by  measuring  the  start-oscillation  current.  An  evaluation  of 
Eq.  (8)  for  the  parameters  associated  with  the  experiment — L/a  ■  6.35,  a  -  .78  cm, 
■  8000,  6  ■  0.10 — yields  Ig  “  1.5  mA  for  the  y  m  1.32,  TE^^  interaction 

and  1.0  mA  for  the  y  »  1.21,  TE^^  interaction,  as  shown  in  Fig.  17,  in 
substantial  agreement  with  the  experimentally  determined  start  oscillation 
current  equal  to  3.0  +  1.0  mA  and  2.0  +  1.0  mA  respectively,  as  shown  in  Fig.  18. 
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Theoretical  plot  of  start-oscillation  current  for  two  harmonic 
Interactions  (n*3,  4)  as  a  function  of  magnetic  field  for  actual 
experimental  parameters. 
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Experimental  measurement  of  start-oscillation  current  for  two 
harmonic  Interactions  (n«3,  A)  as  a  function  of  magnetic  field 
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abstract  <Carm mm  m  mntn  am*  M  mmimt  br*  Mm«4  *F  Bi*** 

The  initial  results  of  the  cyclotron  harmonic  resonance  maser  have  been 
extremely  encouraging.  Using  only  50  VW  of  the  200  kW  available  from  our 
X-b?.nd  magnetron,  the  rf  accelerator  has  produced  100  mA,  100-250  keV  beams. 
*Vrr h *n#or e,  moderate  power  eub-cm  output  has  been  produced.  Our  second 
gyrotron  cavity,  which  was  designed  to  be  excited  by  *  150  keV  beams,  has 
jrielvieu  'V  100  W  at  26-46  GH*  (3rd  -  6th  cyclotron  harmonica),  corresponding 
to  !I  electron  to  output  weve  conversion  efficiency.  This  cavity  was. designed 


f  Mnr**0<f; 


UNCLASSIFIED 


or  Tut*  •AOCf****'  P*'»  KMm4) 


Block  20  (cont.) 


under coupled  for  easy  start-oscillation.  Therefore,  the  efficiency  of 
electron  energy  into  cavity  wave  power  was  on  the  order  of  5X.  The  next 
cavity  to  be  taated  is  critically  coupled  for  higher  power  operation. 


Our -theoretical  activities  have  also  been  productive.  We  have  developed 
a  theoretical  description  of  the  large-orbit  cyclotron  harmonic  maser  which 
yields  encouraging  values  for  device  efficiency.  Efficiencies  high  as 
8X  have  been  predicted  at  mill  last er -wavelength  operation  with  a  uniform 
magnetic  field.  By  properly  tapering  the  magnetic  field  so  that  the  gyro- 
frequency  remains  approximately  constant  :as  the  electrons 
may  be  Increased  to  16X.  In  addition,  a  small-signal  theory  of  the  harmonic 
gyrotron  has  been  developed  which  yields  the  value  for  the  start-oscillation 
current.  This  theory  has  already  been  verified  by  experimental  measurements. 
An  important  result  is,  though  a  shorter  cavity  will  have  a  higher  peak 
efficiency,  a  longer  cavity  requires  leas  beam  current  for  oscillation. 
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A  brief  overview  of  the  current  UCLA  source  development  effort  is 
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1.  INTRODUCTION 


There  is  currently  a  critical  need  for  efficient  sources  in  the 
millimeter  and  submillimeter  wave  region.  These  include  cw  milliwatt 
level  local  oscillators  for  use  in  heterodyne  receivers  as  well  as 
1-10^  level  sources  for  applications  such  as  plasma  diagnostics, 
secure  c  mmunications  and  imaging  radars.  There  is  presently  a  large  ex¬ 
perimental  and  theoretical  effort  by  various  groups  in  the  UCLA  Electrical 
Engineering  Department  aimed  at  addressing  this  need. 

Compact  relativistic  cyclotron  resonance  masers  are  being  investigated 
for  operation  in  the  90-1000  GHz  region.  Silicon  molecular  beam  epitaxy 

(MBE)  is  being  used  to  fabricate  solid  state  sources  such  as  TUNNETT 
structures,  IMPATT's  and  MOS  varactor  sub-millimeter  wave  doublers.  In 
parallel,  there  is  an  active  theoretical  program  involved  in  the  design 
and  modeling  of  these  devices.  Particular  emphasis  is  being  placed  on 
studying  the  high  frequency  limitations  of  transit-time  diodes  and  novel 
variations  of  them  with  the  goal  of  improving  their  power  capabilities. 
Finally,  the  ring  resonator  optically  pumped  far-infrared  laser  is  being 
studied.  The  goal  is  to  produce  single  mode  output  at  the  megawatt  level. 
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The  small-signal  theory  of  a  harmonic  gyrotron  Is  presented  for 
the  »•«•*  of  axis-encircling  electron  orbits.  The  beam  current  required 
for  oscillation  is  found  to  be  highly  dependent  on  the  electron  energy. 
Cyrotron  cavities  operating  on  this  principle  at  very  high  harmonic 
numbers  (n  *  10)  and  high  frequency  in  weak  magnetic  fields  are  well 
matched  to  low  current,  moderate  energy,  rf-accelerated  electron 
beams  (■  50  mA,  *  250  keV),  resulting  In  compact  submillimeter  wave  systems. 
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